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by the transgenic expression of normal ameloblastin in Ambn mutant mice. We established and analyzed 5 transgenic lines that expressed ameloblastin from the amelogenin (AmelX) promoter and identified transgenic lines that express virtually no transgene, slightly less than normal (Tg+), somewhat higher than normal (Tg++), and much higher than normal (Tg+++) levels of ameloblastin. All lines expressing detectable levels of ameloblastin at least partially recovered the enamel phenotype. When ameloblastin expression was only somewhat higher than normal, the enamel covering the molars and incisors was of normal thickness, had clearly defined rod and interrod enamel, and held up well in function. We conclude that ameloblastin is essential for dental enamel formation.
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InTRODuCTIOn
A melogenin is a secreted enamel matrix protein that is expressed by ameloblasts starting just before the initial mineralization of dentin and terminating early in the maturation stage (Inai et al., 1991; Bronckers et al., 1993; Wurtz et al., 1996; Wakida et al., 1999; Hu et al., 2001) . Amelogenin is the most abundant protein in developing enamel (Fincham et al., 1999) , indicating that it is transcribed from a strong promoter. Amelogenin is expressed predominantly by ameloblasts, although trace expression has been reported in other tissues (Gruenbaum-Cohen et al., 2009) . Mutations in AMELX cause X-linked amelogenesis imperfecta (AI), an inherited condition featuring "isolated" or "non-syndromic" enamel malformations, that is, having no defects outside of the dentition Bailleul-Forestier et al., 2008) . Vertebrates, such as birds, that have lost the ability to develop teeth during evolution no longer encode a viable amelogenin gene (Sire et al., 2008) . The strength and tissue-specificity of the amelogenin promoter make it an ideal choice to direct expression of transgenes in ameloblasts.
The mouse amelogenin (AmelX) 5′ transcriptional regulatory region has been successfully used to drive transgenic expression specifically in ameloblasts (Snead et al., 1996 (Snead et al., , 1998 Paine and Snead, 2005; Wen et al., 2008) . A 3.5-kb fragment of bovine AmelX 5′ regulatory region up to and including part of exon 1 directed the expression of ß-galactosidase in ameloblasts, while a 5.5-kb segment of bovine AmelX expanded to include intron 1 and part of exon 2 directed expression of an amelogenin transgene in mouse ameloblasts (Gibson et al., 2007) , which partially rescued the enamel phenotype in AmelX null mice (Li et al., 2008) . Transgenic expression of rat ameloblastin by ameloblasts was successful with 2.3 kb of mouse AmelX promoter sequence (Paine et al., 2003) , and human biglycan was expressed in ameloblasts after the mouse AmelX promoter was expanded to include intron 1 (Wen et al., 2008) . These studies indicate that the AmelX promoter can direct the expression of transgenes by ameloblasts in a pattern that mimics the normal expression of enamel proteins during tooth development.
Ameloblastin (Ambn) is an enamel matrix protein that is co-secreted with amelogenin by ameloblasts during enamel formation (Zalzal et al., 2008) . AmelX and Ambn are members of the secretory calcium-binding phosphoprotein (SCPP) family and evolved from a common ancestral gene (Delgado et al., 2001; Kawasaki and Weiss, 2003) . Ameloblastin expression is enamel specific Transgenic Rescue of Enamel Phenotype in Ambn null Mice Lee et al., 1996) . Ambn is reduced to a pseudogene in whales that evolved alternatives to teeth (Demere et al., 2008) . Ambn -/mice exhibit a non-syndromic AI phenotype (Fukumoto et al., 2004) . Currently, no AMBN mutations have been identified in persons with amelogenesis imperfecta, although AMBN mutational analyses have been performed on dozens of probands from AI kindreds.
Mice normally secrete 2 ameloblastin isoforms, having 381 or 396 amino acids. The 2 isoforms differ by the alternative mRNA splicing of 15 codons at the beginning of exon 6 (Hu et al., 1997) . The best evidence that ameloblastin is essential for dental enamel formation comes from the absence of normal enamel in Ambn -/mice (Fukumoto et al., 2004) . However, the Ambn knockout construct deleted exons 5 and 6 and resulted in the expression of an ameloblastin protein having 279 amino acids (missing 102 or 117 amino acids, depending upon the isoform) . The expression of truncated amelogenins by ameloblasts, even in the presence of normal amelogenin expression, induced enamel malformations in transgenic mice (Paine et al., 2000) . Therefore, the enamel phenotype in Ambn mutant mice might be due to the absence of functional ameloblastin and/or to a negative effect caused by secretion of the mutant ameloblastin protein (Smith et al., 2009; Wazen et al., 2009 ). If the phenotype is caused predominantly by the lack of functional ameloblastin, we hypothesize that the enamel phenotype in Ambn mutant mice should be rescued by transgenic expression of normal ameloblastin by ameloblasts. We tested this hypothesis with a transgene that drives expression of the mouse ameloblastin 396-amino-acid isoform from the mouse amelogenin promoter in Ambn mutant mice.
MATERIAlS & METHODS

Protocol Approval
Animal protocols were reviewed and approved by the University of Michigan Institutional Animal Care and Use Committee.
Fabricating the Ambn Transgene C57BL/6 mice were sacrificed on post-natal day 5 (PN5), and the developing first molars were removed by dissection under a stereoscopic microscope. Total RNA was extracted with Trizol (Invitrogen, Carlsbad, CA, USA) and chloroform, converted into cDNA with SuperScript II reverse transcriptase (Invitrogen), and used as a template to amplify Ambn transcripts by polymerase chain-reaction (PCR). We isolated genomic DNA from the tail tissues of C57BL/6 mice with the DNeasy Tissue kit (Qiagen, Valencia, CA, USA) and used it as a template to amplify 5′ and 3′ AmelX sequences. The amplification products were ligated into the pCR2.1-TOPO cloning vector (Invitrogen), transfected into bacteria, and selected for by ampicillin resistance. The orientations of the inserts were determined by restriction analyses of DNA mini-preps. Clones with their 5′ ends on the NotI side of the multiple cloning site were characterized by DNA sequencing and used to fabricate the Ambn transgene (see online Appendix Figs. 1-4 for details).
Generation of Ambn Transgenic Mice and Breeding with Ambn -/-Mice
The 7.5-kb Ambn transgene was excised from the vector by restriction digestion with NotI-SrfI purified with a Qiaquick gel extraction kit (Qiagen, Germantown, MD, USA) and microinjected into fertilized C57BL/6 X SJL F2 oocytes and surgically transferred to recipients at the Transgenic Animal Model Core at the University of Michigan. In total, 17 independent lines were generated and mated with C57BL/6 mice. Germline transmission was determined by PCR analyses of genomic DNA obtained from tail biopsies. Offspring carrying the Ambn transgene (Tg) were mated with Ambn mutant mice (Fukumoto et al., 2004) . F1 offspring positive for the transgene and heterozygous for ameloblastin (Ambn +/-) were mated, yielding 4 genotypes in the F2 generation (Appendix Fig. 1A ). Tail biopsies were analyzed by PCR with primers specific for the Ambn Tg, wild-type Ambn, or the Ambn knockout gene (Appendix Figs. 1B, 1C ).
Assessment of Ambn Tg Expression levels by Western Blotting
To obtain an antibody that would specifically recognize the ameloblastin protein expressed from the wild-type gene and the ameloblastin transgene, but not the smaller mutant ameloblastin expressed from the Ambn knockout gene, we raised rabbit antibodies against the KLH-conjugated peptide MRPREHETQQYEYS, which is encoded by the exon 5-6 region deleted in the ameloblastin knockout. Specific anti-peptide antibodies were purified from the final bleed with an affinity column containing the immobilized, unconjugated ameloblastin peptide and designated Ambn-89 (YenZym, Burlingame, CA, USA).
Tg Expression Assessment by Western Blotting
Mice of four genotypes from the F2 generation (Appendix Fig.  1A ) and wild-type were terminated on PN5. The first molars were surgically extracted under a dissecting microscope and the soft-tissue removed. Tails were collected for PCR genotyping. The hard tissues from a maxillary and a mandibular first molar were incubated in 1 mL of 0.5% formic acid at 4°C overnight, centrifuged briefly to remove residual insoluble material, transferred to an Ultracel YM-3 filter (3 kDa cut-off, Millipore, Billerica, MA, USA), and centrifuged, and the enamel protein on the filter was raised in sample buffer, run on SDS-PAGE, and transferred to a membrane, and ameloblastin bands were visualized by Western blotting.
Scanning Electron Microscopy (SEM) of Mandibular Incisors
The soft tissue was removed from left and right half-mandibles at 7 wks. We measured the distances from the incisor tip to the labial alveolar crest and then extracted the incisors. We used a rotating diamond disc to cut through just the dentin (at the measured distance from the incisor tip) and fractured the incisor at the notch. SEM imaging of the broken surface highlighted the decussating rods. The broken edge of the incisor was polished with a diamond disc and lightly etched with 0.1% nitric acid. The surface was sputter-coated with gold and analyzed by SEM for determination of enamel thickness.
RESulTS
We introduced rare (8 bp) restriction sites at the edges of mouse AmelX 5′ and 3′ genomic sequences and the Ambn cDNA by PCR amplification, cloned the products, and fabricated an ameloblastin transgene construct (Appendix Figs. 2, 3) . Multiple independent transgenic lines were evaluated for their levels of ameloblastin transgene expression ( Fig. 1A) . We identified transgenic lines that expressed virtually no transgene, slightly less than normal (Tg+), somewhat higher than normal (Tg++), and much higher than normal (Tg+++) levels of ameloblastin, and then compared their gross enamel phenotypes (Fig. 1B) . Whenever detectable levels of ameloblastin protein were expressed in the Ambn mutant background, the enamel phenotype was at least partially recovered. In the case where the ameloblastin transgene expression was only somewhat higher than normal (Tg++), the enamel covering the molars and incisors appeared identical to that of the wild-type mouse. The mandibular incisors were extracted and examined under a dissecting microscope. The enamel layer of the extracted mandibular incisor from the Tg++ mouse was analogous to that of the wild-type mouse along its entire length (Fig. 2) .
Mandibular incisors at 7 wks were cut or fractured at the level of the labial alveolar bone crest and analyzed by scanning electron microscopy. The enamel thickness and decussating pattern of enamel rods were significantly recovered, even with less than normal or much greater than normal expression of ameloblastin (Fig. 3) . Recovery was most complete in the central region, where the enamel forms earliest and reaches the greatest thickness. The area most sensitive to ameloblastin levels was the distal enamel surface, where low or high levels of ameloblastin Figure 2 . Exposed mandibular incisors. These photos were taken through a dissecting microscope and show the labial surfaces of mandibular incisors at 7 wks. The incisors from the transgenic line expressing somewhat higher than normal amounts of the ameloblastin transgene (Tg++) appeared similar to those of the wild-type mouse when expressed in either the Ambn heterozygous or Ambn null mice. expression resulted in reduced enamel thickness and a rough surface. The enamel thickness and rod patterns looked normal in the mouse expressing somewhat higher than normal (Tg++) levels of ameloblastin, although the SEM images seemed to lack definition, which might be attributable to increased residual enamel protein.
DISCuSSIOn
We designed and fabricated a plasmid construct with rare restriction enzyme sites positioned at key places to direct transgenic expression of target proteins specifically in ameloblasts. This construct allows for one-step directional cloning of a desired coding sequence between the 5′ and 3′ sequences from AmelX and is a useful vector for specifically expressing transgenic proteins in ameloblasts. Transgenic mice were generated so that ameloblasts secreted the 396-amino-acid isoform of mouse ameloblastin. We characterized 5 transgenic lines and assessed ameloblastin protein levels in developing first molars at PN5. Two lines did not secrete detectable levels of ameloblastin. Three lines expressed progressively increasing amounts of ameloblastin, ranging from less than normal amounts to levels well above normal. The thickness of the enamel layer and the decussating patterns of enamel rods were assessed by SEM. The enamel phenotype varied in each of the transgenic lines. When no ameloblastin was expressed, there was no recovery of the enamel phenotype in Ambn mutant mice. There was partial recovery when ameloblastin expression was below normal (Tg+) or much greater than normal (Tg+++), with the best recovery being in the central portion of the incisor enamel. Ameloblastin transgene expression at somewhat higher than normal levels (Tg++) showed full recovery of enamel thickness and rod architecture.
These results prove that the severe enamel phenotype in Ambn mutant mice is predominantly or entirely due to the absence of functional ameloblastin and not due to toxic effects caused by secretion of the shortened 279-amino-acid ameloblastin protein, which appears to be relatively inert, but might contribute to higher levels of residual protein in the rescued enamel. The recovery of the enamel phenotype in Ambn mutant mice by transgenic expression of functional ameloblastin confirms the previous conclusion that ameloblastin is essential for proper dental enamel formation, and that Ambn mutant mice are a valid animal model for investigation of the absence of functional ameloblastin on dental enamel formation.
We were surprised to observe so much variation in ameloblastin expression in the various transgenic lines. Clearly, integration site and copy number have a profound effect on transgene expression levels in ameloblasts, and expression levels are a major The Ambn -/mice have no true enamel, but a thin, rough crust of mineral covers the surface of dentin. The enamel phenotype is recovered in the central region when ameloblastin transgenes provide less than (Tg+) and more than (Tg+++) optimal amounts of ameloblastin, but the distal enamel is thinner than normal and has a rough surface. Row 2: Higher-magnification view of polished enamel showing the enamel thickness in the central region. The line spanning the enamel layer is where measurements of enamel thickness were made. The enamel layer in the Tg++ mice was the same thickness as in the wild-type. Row 3: High magnification of polished, cut, lightly etched enamel showing the underlying rod architecture. Only the Ambn -/mice show a complete absence of enamel rods. Rod and interrod enamel is clearly distinguished in the Tg++ mice. Row 4: The enamel layer after being fractured reveals the decussating patterns of enamel rods. Although a normal pattern of decussating enamel rods is evident in the mice expressing different levels of the ameloblastin transgene, the fractured surface of the mice expressing the smaller Ambn from the knockout gene was not as well-defined as the wild-type, possibly due to an increased level of, or residual, enamel protein.
determinant of how transgenic expression affects enamel formation. Interpretations of the effects on enamel formation of transgenic protein expression by ameloblasts are meaningful only in the context of transgenic protein expression levels in the matrix.
For this study, we used an anti-peptide antibody that recognizes an epitope from the exon 5-exon 6 encoded portion of ameloblastin. This antibody specifically detected a 17-kDa ameloblastin cleavage product in mouse tooth extracts. A homologous 17-kDa ameloblastin cleavage product having this epitope was previously isolated from porcine enamel and characterized (Fukae et al., 2006) . It consists of the ameloblastin N-terminal region (Val 1 to Arg 170 ) and is generated by Mmp-20 cleavage (Chun et al., 2010) of ameloblastin following its secretion. Despite its relatively small size, the 17-kDa ameloblastin cleavage product elutes in the first chromatographic peak on size exclusion columns, suggesting that the protein tends to aggregate (Fukae and Tanabe, 1987) . A ladder of immunopositive bands was observed on our Western blot of tooth proteins extracted from the transgenic line that overexpresses ameloblastin. These bands extend well above the apparent molecular weight of uncleaved ameloblastin (~ 65 kDa) and are likely to be aggregates of the 17-kDa ameloblastin cleavage product. Apparently, Mmp-20 is able to process ameloblastin completely, even though significantly more ameloblastin than normal is being secreted by the ameloblastin transgene. When ameloblastin expression levels are highest, a smaller immunoreactive band appears below the 17-kDa band on the Western blot. The porcine 17-kDa ameloblastin is O-glycosylated (Kobayashi et al., 2007) . We suspect that this smaller band is the unglycosylated form of the 17-kDa protein and that excessive ameloblastin expression might allow some ameloblastin molecules to escape glycosylation.
The ameloblastin transgene was able to recover the thickness of the enamel layer as a whole, the decussating pattern enamel rods, and the overall appearance of normal enamel. SEMs of the fractured incisor enamel, however, seemed to be less welldefined than those of the wild-type. This suggests that the enamel in the transgenic rescue might contain more residual protein than normal. Increased protein retention may be due to the expression of the 279-amino-acid non-functional form of ameloblastin, or to overexpression of the ameloblastin transgene. Expression of the ameloblastin transgene in a total knockout might help distinguish between these explanations.
